Temporal lobe epilepsy is common and difficult to treat. Reduced inhibition of dentate granule cells may contribute. Basket cells are important inhibitors of granule cells. Excitatory synaptic input to basket cells and unitary IPSCs (uIPSCs) from basket cells to granule cells were evaluated in hippocampal slices from a rat model of temporal lobe epilepsy. Basket cells were identified by electrophysiological and morphological criteria. Excitatory synaptic drive to basket cells, measured by mean charge transfer and frequency of miniature EPSCs, was significantly reduced after pilocarpine-induced status epilepticus and remained low in epileptic rats, despite mossy fiber sprouting. Paired recordings revealed higher failure rates and a trend toward lower amplitude uIPSCs at basket cell-to-granule cell synapses in epileptic rats. Higher failure rates were not attributable to excessive presynaptic inhibition of GABA release by activation of muscarinic acetylcholine or GABA B receptors. High-frequency trains of action potentials in basket cells generated uIPSCs in granule cells to evaluate readily releasable pool (RRP) size and resupply rate of recycling vesicles. Recycling rate was similar in control and epileptic rats. However, quantal size at basket cell-to-granule cell synapses was larger and RRP size smaller in epileptic rats. Therefore, in epileptic animals, basket cells receive less excitatory synaptic drive, their pools of readily releasable vesicles are smaller, and transmission failure at basket cell-to-granule cell synapses is increased. These findings suggest dysfunction of the dentate basket cell circuit could contribute to hyperexcitability and seizures.
Introduction
Epilepsy is a common neurological disorder (Hirtz et al., 2007) . In temporal lobe epilepsy, the most common type of epilepsy in adults, seizures initiate in the mesial temporal lobe (Engel et al., 1997) . The mesial temporal lobe includes the dentate gyrus, which is suspected to play a role in epileptogenesis, in part, because it displays neuropathological changes (Margerison and Corsellis, 1966) . In tissue from patients, dentate granule cells are hyperexcitable (Williamson et al., 1995 (Williamson et al., , 1999 Gabriel et al., 2004) . In laboratory animal models of temporal lobe epilepsy, granule cells receive less inhibitory synaptic input [for example, reduced frequency of miniature IPSCs (mIPSCs)], which has been attributed to loss of some interneurons (Kobayashi and Buckmaster, 2003; Sayin et al., 2003; Shao and Dudek, 2005; Sun et al., 2007) , but additional factors may contribute.
Basket cells are GABAergic, form perisomatic synapses with principal cells, and control action potential discharge of many excitatory neurons (Cobb et al., 1995; Miles et al., 1996) . Dentate basket cells efficiently inhibit granule cells, mainly because of large quantal sizes and high release probabilities at multiple synapses (Kraushaar and Jonas, 2000) . A subset of dentate basket cells expresses the calcium-binding protein parvalbumin (Ribak et al., 1990 ) and accounts for 8 -9% of all GABAergic interneurons in the dentate gyrus (Austin and Buckmaster, 2004) . Numbers of parvalbumin-immunoreactive interneurons appear to be reduced in the epileptic dentate gyrus (Zhu et al., 1997; Andrioli et al., 2007) , but they are relatively more enduring than other interneuron subtypes (Sloviter et al., 1991; Buckmaster and Dudek, 1997; Wittner et al., 2001) .
It is unclear whether surviving dentate basket cells function normally in epileptic tissue. It has been proposed they lose excitatory synaptic input and become inactive or dormant (Sloviter, 1994; Sloviter et al., 2003) , but this hypothesis is controversial (Bernard et al., 1998) . Many questions persist about synaptic inputs to and outputs from basket cells. For example, direct methods have not been used to evaluate spontaneous excitatory synaptic input to basket cells. Unitary IPSCs (uIPSCs) of basket cell-to-granule cell synapses have been evaluated in control (Kraushaar and Jonas, 2000; Harney and Jones, 2002) but not epileptic animals. Furthermore, it is unclear to what extent reduced frequency of mIPSCs in granule cells in epileptic tissue (see above) is attributable to loss of GABAergic synapses versus reduced probability of GABA release. It is important to distinguish between these possible underlying mechanisms, because each calls for different therapeutic strategies.
In the present study, excitatory synaptic input to dentate basket cells and uIPSCs at basket cell-to-granule cell synapses were examined in a rat model of temporal lobe epilepsy. We asked the following: (1) Do basket cells receive less excitatory synaptic input after an epileptogenic injury? (2) If so, is excitatory synaptic input restored as granule cell axons sprout? (3) Is reliability of GABAergic transmission reduced at basket cell-to-granule cell synapses in epileptic animals? (4) If so, what is the underlying mechanism?
Materials and Methods
Animals. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Stanford University Institutional Animal Care and Use Committee. Male Sprague Dawley rats (Harlan) were treated with pilocarpine when they were 24 -63 d old, as described previously (Buckmaster, 2004) . Briefly, pilocarpine (380 mg/kg, i.p.) was administered 20 min after atropine methyl bromide (5 mg/kg, i.p.). Diazepam (Hospira) was administered (10 mg/kg, i.p.) 2 h after onset of stage 3 or greater seizures (Racine, 1972) and repeated as necessary to suppress convulsions. Control rats included animals that were treated identically but did not develop status epilepticus (n ϭ 9) and age-matched naive rats (n ϭ 23). Control rats were 51 Ϯ 4 d old (range 26 -118 d) when slices were prepared. Control animals were compared with rats 3-7 d after status epilepticus (n ϭ 23) to test for changes early after the epileptogenic treatment and epileptic rats (n ϭ 47). At the time of slice experiments, 3-7 d poststatus epilepticus rats were 42 Ϯ 2 d old (range 28 -55 d), epileptic rats were 69 Ϯ 3 d old (range 40 -145 d), which was 36 Ϯ 3 d (range 13-111 d) after pilocarpine treatment. Video monitoring, which began at least 10 d after pilocarpine treatment, verified spontaneous motor convulsions in all epileptic rats. No controls were observed to have spontaneous seizures.
Slice preparation. Animals were deeply anesthetized with urethane (1.5 g/kg, i.p.) and decapitated. Tissue blocks including the dentate gyrus were removed rapidly and stored for 3 min in modified ice-cold artificial CSF (mACSF) containing (in mM) the following: 230 sucrose, 2.5 KCl, 10 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2.5 CaCl 2 , and 10 D-glucose. Horizontal slices (300 m) were prepared with a microslicer (Leica; VT1000S). The most dorsal slice was used for histology. Slices were incubated at 32°C for 30 min in a submersion-type holding chamber that contained 50% mACSF and 50% normal ACSF, which consisted of (in mM) the following: 126 NaCl, 3 KCl, 2 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2 CaCl 2 , and 10 D-glucose. After that, slices were transferred to normal ACSF at 32°C for 1 h. ACSF was aerated continuously with a mixture of 95% O 2 and 5% CO 2 . Slices were maintained at room temperature until used for recording.
Recording. Cells were visualized with Nomarski optics (40ϫ; Nikon) and an infrared-sensitive video camera (Hamamatsu Photonics). Wholecell patch-clamp recordings were obtained at 32 Ϯ 1°C. Interneurons were recorded in either voltage-clamp mode or current-clamp mode (Axopatch 1D; Molecular Devices). Interneuron pipette solution contained (in mM) the following: 100 potassium gluconate, 40 HEPES, 20 biocytin, 10 EGTA, 5 MgCl 2 , 2 disodium ATP, and 0.3 sodium GTP. Granule cells were recorded in voltage-clamp mode (Axopatch 200B; Molecular Devices). Granule cell pipette solution contained (in mM) the following: 120 cesium methanesulfonate, 20 biocytin, 10 HEPES, 5 NaCl, 5 QX-314, 2 magnesium ATP, 0.3 sodium GTP, and 0.1 BAPTA. The measured liquid junction potential was 7 mV, and all membrane potentials were corrected accordingly. Patch electrodes were pulled from borosilicate glass (1.5 mm outer diameter, 0.75 mm inner diameter, 3-4 M⍀). Seal resistance was Ͼ5 G⍀, and only data obtained from electrodes with access resistance Ͻ20 M⍀ and Ͻ20% change during recordings were included. Series resistance was 80% compensated, and compensation was readjusted during experiments, when necessary. Drugs were bath applied. Data were acquired (pCLAMP; Molecular Devices) and stored on computer for off-line analysis. Membrane currents and potentials were low-pass filtered at 2 kHz and digitized at 10 kHz.
EPSCs were analyzed using Mini Analysis (Synaptosoft). Threshold for event detection was 3 times root mean square (rms) noise level, which was not significantly different between experimental groups. Epochs for analysis were at least 2 min. Rise time was measured as the interval between points corresponding to 10 and 90% of peak amplitude during the rising phase. Amplitude was measured as the difference between the peak amplitude and baseline. Decay time () was measured as the interval between points corresponding to 100% and 37% of peak amplitude during the falling phase. Charge transfer/event was measured as area under individual detected events. Mean charge transfer was measured as cumulative charge transfer per minute. uIPSCs were measured similarly to EPSCs. Latencies of uIPSCs were measured from peak of presynaptic action potentials to 5% of uIPSC amplitude. Failures were defined as events with amplitudes Ͻ3 times rms noise level. To estimate vesicle numbers in readily releasable pools (RRPs), quantal size was measured at basket cell-to-granule cell synapses using an established approach (Kraushaar and Jonas, 2000) . Briefly, uIPSCs were recorded in slices bathed in ACSF containing 0.5 mM Ca 2ϩ and 3.5 mM Mg 2ϩ . At the reduced Ca 2ϩ /Mg 2ϩ ratio, failure rates increased to Ͼ90%, and any uIPSCs that occurred were likely to be quantal events.
Histology. The most dorsal slice was immediately fixed in 4% paraformaldehyde in 0.l M phosphate buffer (PB; pH 7.4) at 4°C at least overnight, before storing in preservation solution (30% ethylene glycol and 25% glycerol in 50 mM PB) at Ϫ20°C. In some cases, the most dorsal slice was prepared for Timm staining by placing in 0.37% sodium sulfide at least 10 min before fixation. Fixed slices were cryoprotected in 30% sucrose in 0.1 M PB and sectioned with a microtome set at 40 m. Sections were mounted on slides and processed for Timm or Nissl stain, as described previously (Buckmaster and Dudek, 1997) . The number of Nissl-stained neuron profiles per hilus was counted by an investigator blind to experimental group using a Neurolucida system (MBF Bioscience).
Biocytin labeling. After recording, slices were placed in 4°C 4% paraformaldehyde in 0.1 M PB at least overnight and then stored at Ϫ20°C in preservation solution. Slices were rinsed in 0.5% Triton X-100 and 0.1 M glycine in 0.1 M PB and then placed in blocking solution containing 0.5% Triton X-100, 2% goat serum (Vector Laboratories), and 2% bovine serum albumin in 0.1 M PB for 4 h. Slices were incubated in mouse anti-NeuN serum (1:1000, MAB377; Millipore Bioscience Research Reagents) in blocking solution overnight. After a rinsing step, slices incubated with Alexa Fluor 594 streptavidin (5 g/ml) and Alexa Fluor 488 goat anti-mouse (10 g/ml; Invitrogen) in blocking solution overnight. Slices were rinsed, mounted on slides, and coverslipped with Vectashield (Vector Laboratories). For reconstruction, labeled basket cells were scanned with a confocal microscope (LSM 5 Pascal; Zeiss) at a magnification just large enough to include the entire dendritic arbor. Stack height was adjusted to include all dendritic processes. Optical section interval was 3 m. Basket cells were reconstructed three-dimensionally using a Neurolucida system and measured using Neuroexplorer (MBF Bioscience).
Synaptophysin immunocytochemistry. Some slices that contained biocytin-labeled basket cells were processed for synaptophysin immunocytochemistry. After fixation as described above, slices were cryoprotected in 30% sucrose in PB and sectioned with a sliding microtome set to 20 m. Free-floating sections rinsed in 0.1 M Tris-buffered saline (TBS) before 2 h exposure to blocking solution containing 3% goat serum, 2% bovine serum albumin, and 0.3% Triton X-100 in 0.05 M TBS. After rinsing in TBS, sections incubated overnight in mouse antisynaptophysin serum (1:1000; Millipore Bioscience Research Reagents; MAB5258) in 1% goat serum, 0.2% bovine serum albumin, and 0.3% Triton X-100 in 0.05 M TBS at 4°C. After rinsing in TBS, sections were exposed for 3 h to 10 g/ml goat anti-mouse Alexa 498 and 5 g/ml streptavidin Alexa 594 (Invitrogen) in 2% bovine serum albumin and 0.3% Triton X-100 in 0.05 M TBS. After rinsing in TBS, sections were mounted on slides and coverslipped with Vectashield (Vector Laboratories). For analysis of synaptophysin-positive punctae apposed to basket cell membranes, sections were scanned with a 63ϫ oil objective and confocal microscope (Zeiss). Stacks of images were collected through entire depth of tissue sections at 0.5 m intervals. Most synaptophysin immunoreactivity was limited to 4 -5 m depth from section surfaces, and analysis was limited to those regions. Synaptophysin-positive punctae were checked for direct apposition to basket cell membranes using orthologous views (Zeiss; LSM Image Browser). Basket cell membrane surface areas were measured by reconstructing soma and dendrites with Neurolucida (MBF Bioscience). Three cell regions were analyzed: soma; proximal dendrites, which were within hilus, granule cell layer, and inner third of molecular layer; and distal dendrites, which were within outer two-thirds of molecular layer. In each region, number of synaptophysinpositive punctae per m 2 of basket cell membrane was calculated. All chemicals and drugs were obtained from Sigma, unless specified otherwise. Results are reported as mean Ϯ SEM. Statistics were performed using Sigma Stat (Systat). p Ͻ 0.05 was considered significant.
Results

Hilar neuron loss and mossy fiber sprouting in epileptic rats
Previous studies found fewer hilar neurons and aberrant mossy fiber sprouting in epileptic pilocarpine-treated rats (Mello et al., 1993) , similar to patients with temporal lobe epilepsy (Babb et al., 1991) . To determine whether similar changes occurred in rats of the present study, Nissl-stained hilar neuron profiles were counted in sections from slices adjacent to those used for recording. Hilar neuron loss was evident in rats 3-7 d after status epilepticus and in epileptics ( Fig. 1 A-C) . Average numbers of hilar neuron profiles per section were significantly reduced in rats 3-7 d after status epilepticus (111 Ϯ 10, n ϭ 22) and epileptics (89 Ϯ 6, n ϭ 17) compared with controls (179 Ϯ 6, n ϭ 20, p Ͻ 0.05, Kruskal-Wallis ANOVA on ranks with Dunn's method). The difference between rats 3-7 d after status epilepticus and epileptics was not significant. Slices from a subset of control (n ϭ 2) and epileptic rats (n ϭ 6) were prepared for Timm staining. Mossy fiber sprouting was evident in all epileptic rats and no controls ( Fig. 1 D, E) . These findings verified typical temporal lobe epilepsy-related neuropathological changes in dentate gyrus of epileptic rats used in the present study.
Basket cell identification
Neurons with a relatively large soma at the border of the granule cell layer and hilus were selected for recording and tentatively identified as basket cells during experiments, based on previously described electrophysiological criteria (Lübke et al., 1998; Kraushaar and Jonas, 2000; Harney and Jones, 2002) , including brief action potentials, non-adapting high-frequency firing in response to depolarizing current injection, and frequent spontaneous EPSPs (Fig. 2 A) . However, other types of interneurons are found at the hilar/granule cell layer border, and their electrophysiological properties may overlap to some degree with those of basket cells (Scharfman, 1995; Mott et al., 1997) . Therefore, all recorded cells were labeled with biocytin to determine whether their axon collaterals concentrated in the granule cell layer, which is a defining feature of basket cells (Freund and Katona, 2007) . Of 181 interneurons, 153 displayed anatomical features of basket cells. Their firing frequency in response to a 750 pA depolarizing current injection was 140 Ϯ 5 Hz, and spike width was 0.68 Ϯ 0.03 ms. In addition to basket cells, 11 interneurons were identified whose axon collaterals concentrated in the inner molecular layer (Fig. 2 B) . They have been called hilar cells forming a dense axonal plexus in the commissural and associational pathway terminal field (HICAP cells) (Han et al., 1993) and are likely to be immunoreactive for cholecystokinin (Hefft and Jonas, 2005) with axon terminals expressing cannabinoid receptors, unlike parvalbumin-positive basket cells (Morozov and Freund, 2003) . Another type of interneuron (n ϭ 2) concentrated its axon collaterals in the outer molecular layer (Fig. 2 B) . They have been called hilar cells with their axon ramifying in the perforant path terminal field (HIPP cells) (Han et al., 1993) and are likely to be somatostatin-immunoreactive (Leranth et al., 1990) . The most frequently encountered type of pyramidal-shaped neuron at the hilar/granule cell border was regular spiking and had a prominent apical dendrite. Many of these nonbasket cells were morphologically identified, and 15 had well labeled axon collaterals that extended diffusely throughout the entire width of the molecular layer (Fig. 2 B) . Cells with similar morphology have been identified by Golgi staining and are GABAergic (Soriano and Figure 1 . Hilar neuron loss and mossy fiber sprouting in epileptic rats. A-C, Nissl-stained sections of dentate gyrus from a naive control (A), a rat 4 d after status epilepticus (B), and an epileptic rat (C). m, Molecular layer; g, granule cell layer; h, hilus, CA3, CA3 pyramidal cell layer. D, E, Timm-stained sections of dentate gyrus from a pilocarpine-treated control (D) and an epileptic rat (E). Arrow indicates black, aberrant Timm-staining in the inner molecular layer of the epileptic rat.
Frotscher, 1993). Data presented below were obtained only from neurons identified as basket cells by both electrophysiological and morphological characteristics. However, although no cells displayed obvious vertical aggregations of axonal varicosities (Soriano et al., 1990) , without electron microscopic identification of their synaptic targets it is possible that some neurons identified as basket cells in the present study actually were axo-axonic cells (Somogyi and Klausberger, 2005) .
Excitatory synaptic input to basket cells
Excitatory synaptic input to basket cells was evaluated by recording EPSCs at a holding potential of Ϫ60 mV (Fig. 3) . Spontaneous EPSCs (sEPSCs) were recorded in normal ACSF, miniature EPSCs (mEPSCs) after addition of 1 M tetrodotoxin (Tocris Bioscience). For sEPSCs, amplitudes and rise times were similar among controls (n ϭ 26 cells, 16 rats), rats 3-7 d after status epilepticus (n ϭ 20 cells, 16 rats), and epileptics (n ϭ 37 cells, 23 rats) (Fig. 3C ). Average decay time was significantly shorter in rats 3-7 d after status epilepticus. In epileptic and 3-7 d poststatus epilepticus rats, average frequencies and mean charge transfers of sEPSCs were reduced to 62-68% and 46 -50% of control values, respectively, but variability was high and differences were not significant. For mEPSCs, amplitudes, rise times, and decay times were similar among controls (n ϭ 17 cells, 8 rats), rats 3-7 d after status epilepticus (n ϭ 8 cells, 5 rats), and epileptics (n ϭ 23 cells, 11 rats). In epileptic and 3-7 d poststatus epilepticus rats, average frequencies and mean charge transfers were reduced to 48 -51% and 44 -48% of control levels, respectively, and differences were significant for the epileptic group. Adjacent slices from a subset of epileptic rats (n ϭ 6 cells, 4 rats) were processed for Timms staining. All displayed aberrant mossy fiber sprouting (Fig. 1 E) . Average frequency of mEPSCs of this subset (5.0 Ϯ 1.0 Hz) was similar to that of the entire sample of epileptic rats (6.8 Ϯ 1.1 Hz). These findings suggest excitatory synaptic input to basket cells decreases immediately or shortly after pilocarpineinduced status epilepticus and remains low in epileptic rats.
Pilocarpine-induced status epilepticus causes excitotoxicity, and distal dendrites of some dentate interneurons are particularly susceptible to excitotoxicity (Zhu et al., 1997; Oliva et al., 2002) . To test the possibility that mEPSC frequency might be reduced in basket cells because their dendrites retract or branches are lost after status epilepticus, biocytin-labeled basket cells in control (n ϭ 9 cells, 7 rats) and epileptic rats (n ϭ 8 cells, 7 rats) were three-dimensionally reconstructed and measured (Fig. 4 A, B) . Qualitatively, basket cells in both groups looked similar. Somata were triangular, round, or polygonal. Soma area was similar in control (429 Ϯ 65 m 2 ) and epileptic rats (399 Ϯ 41 m 2 ) (Fig.  4 D) . Dendrites extended into the molecular layer and hilus. Control and epileptic rats had similar numbers of primary dendrites Identification of dentate basket cells. A, Dentate basket cells were identified initially based on electrophysiological characteristics, including action potential duration Ͻ1 ms, non-adapting high-frequency spike firing, and frequent spontaneous EPSPs (arrows). Responses to injected current, Ϫ100 pA and ϩ800 pA. Subsequently, basket cell identity was verified based on the presence of biocytin-labeled axon concentrated in the granule cell layer (g) (arrowheads). m, Molecular layer; h, hilus. B, Other interneurons (HICAP, HIPP, and regular-spiking interneurons) were found at the border of the granule cell layer and hilus but concentrated their axon projections in the molecular layer (arrowheads) and were excluded from further analysis.
Cumulative dendritic length/cell in epileptic rats (5376 Ϯ 528 m) was 119% of controls (4530 Ϯ 393 m), but the difference was not significant (Fig. 4 D) . These findings suggest dendritic length was not reduced in epileptic rats, and, therefore, reduced frequency of mEPSCs was not likely caused by loss or retraction of basket cell dendrites.
To test the possibility that mEPSC frequency might be reduced in basket cells because they receive less excitatory synaptic input in epileptic rats, biocytin-labeled basket cells in control (n ϭ 7 cells, 6 rats) and epileptic rats (n ϭ 10 cells, 7 rats) were evaluated for apposed synaptophysin-immunoreactive punctae (Fig. 4C) . Three basket cell regions were analyzed: somata, proximal dendrites, and distal dendrites. Proximal dendrites were in granule cell layer, inner molecular layer, or hilus. In all three subregions, synaptophysin-positive punctae densities were similar, so results were combined as a single "proximal dendrite" group. In both control and epileptic rats, densities of synaptophysin-positive punctae were similar on somata and proximal dendrites and higher on distal dendrites ( p Ͻ 0.05, ANOVA, Student-Neuman-Keuls method). However, there were no significant differences between control and epileptic rats (Fig. 4 E) . These findings suggest basket cells in epileptic rats might receive similar numbers of synapses as in controls.
Basket cell-to-granule cell uIPSCs
To evaluate synaptic input from basket cells to granule cells, recordings were obtained from monosynaptically coupled pairs ( Fig. 5A-D) . Basket cells were recorded with potassium gluconate-based pipette solution, granule cells with cesium methanesulfonate-based solution that included QX-314. IPSCs were enhanced and EPSCs minimized by holding granule cells at 0 mV. Recordings were obtained from somata Ͻ200 m apart. Action potentials were evoked in basket cells by brief (1.2 ms) depolarizing (1.5 nA) current injection (0.1 Hz), while uIPSCs were recorded in granule cells at consistent and short latencies after basket cell action potentials (1.14 Ϯ 0.03 ms), similar to previous reports (Kraushaar and Jonas, 2000; Harney and Jones, 2002) . Average latencies were similar among experimental groups. Probability of detecting synaptically coupled cells was similar in controls (68%, 70 of 103 pairs tested), rats 3-7 d after status epilepticus (69%, 53 of 77), and epileptics (64%, 98 of 153). Reliability of transmission at basket cell synapses in control animals (n ϭ 28 pairs, 16 basket cells, 16 rats) was high (Fig. 5E ), as reported previously (Kraushaar and Jonas, 2000; Bartos et al., 2001 ). However, failures of uIPSCs were 2.3 times more likely in epileptic rats (n ϭ 64 pairs, 39 basket cells, 31 rats) compared with controls. Failure rate in rats 3-7 d after status epilepticus (n ϭ 32 pairs, 15 basket cells, 13 rats) was 1.8 times control levels, but the difference was not significant. At 3-7 d after status epilepticus, rise times were shorter (84 -91% of epileptic and control values, respectively), decay times were shorter (81-83% of epileptic and control values, respectively), and amplitudes were higher (1.5-2.1 times control and epileptic values, respectively), suggesting possible changes in GABA A receptors by granule cells (Brooks-Kayal et al., 1998) . In epileptic rats, uIPSC amplitude and charge transfer (excluding failures) were 67-71% of control levels, but differences were not significant.
Testing possible mechanisms of failure at basket cell-togranule cell synapses
Several possible mechanisms were tested that might account for increased failure rate of uIPSCs at basket cell-to-granule cell synapses in epileptic rats. Previous studies found that in control rats, failure rates at basket cell-to-granule cell synapses increase when muscarinic acetylcholine (mACh) receptors are activated (Harney and Jones, 2002) (but see Hefft et al., 2002) . Cholinergic fibers sprout near the granule cell layer in epileptic pilocarpine- treated rats (Holtzman and Lowenstein, 1995) , making excessive cholinergic activation a reasonable possibility. To test whether increased mACh receptor activation in epileptic rats might account for increased failure rate, uIPSCs were recorded before and during application of 5 M atropine (Fig. 6) . Failure rate was 0.32 Ϯ 0.05 before and 0.27 Ϯ 0.06 after applying atropine, which was not significantly different (n ϭ 6 pairs, 5 rats, p ϭ 0.22, paired t test). These findings suggest excessive mACh receptor activation is not likely to cause failure at basket cell-to-granule cell synapses in epileptic rats.
Previous studies have found that in control rats activation of GABA B receptors increases failure rates at basket cell-togranule cell synapses (Hefft et al., 2002) . In a mouse model of temporal lobe epilepsy, GABA B receptor expression increases in the granule cell layer (Straessle et al., 2003) where basket cell axon terminals are located. To test whether increased GABA B receptor activation might account for increased failure rate in epileptic rats, uIPSCs were recorded before and during application of 10 M CGP55845 (Tocris Bioscience), a GABA B receptor antagonist (Fig. 6) . Previous studies have shown that blocking GABA B receptors increases paired-pulse ratios of IPSCs in granule cells (Mott et al., 1993) . Similarly in the present study, application of 10 M CGP55845 in epileptic rats increased paired-pulse ratios (second/first uIPSC peak amplitude) evoked at 20 ms interstimulus intervals (0.62 Ϯ 0.10 vs 0.78 Ϯ 0.06, p Ͻ 0.05, paired t test, n ϭ 3 pairs, 3 rats), suggesting effective blockade of GABA B receptors. However, uIPSC failure rates did not decrease: 0.20 Ϯ 0.07 before and 0.30 Ϯ 0.09 after applying CGP55845, which was not significantly different. These findings suggest excessive GABA B receptor activation is not likely to cause uIPSC failure at basket cell-to-granule cell synapses in epileptic rats.
High-frequency transmission at basket cell-to-granule cell synapses
At some synapses, probability of release correlates with size of the RRP of synaptic vesicles (Schikorski and Stevens, 1997) . RRP size can be estimated functionally by evaluating postsynaptic responses to trains of presynaptic action synaptophysin-positive punctae were higher on distal dendrites versus somata and proximal dendrites. There were no significant differences between control and epileptic rats.
potentials (Schneggenburger et al., 1999) , including action potentials of GABAergic hippocampal interneurons (Moulder and Mennerick, 2005) . Differences in frequency-dependent depression of GABAergic versus glutamatergic synapses are important for functional stability of neocortical circuits (Galarreta and Hestrin, 1998; Varela et al., 1999) . In the present study, trains of 20 action potentials in basket cells were evoked at 50 Hz, uIPSCs were recorded in granule cells, and 10 -50 traces were averaged (Fig. 7A) . As reported previously for basket cells in control animals, synaptic transmission showed marked depression in early phases of trains, then stabilized during later phases (Kraushaar and Jonas, 2000; Bartos et al., 2001) . After ϳ100 ms (5-6 basket cell action potentials), cumulative amplitudes of granule cell uIPSCs increased linearly at steady-state levels (Fig. 7B) , which reflect resupply rates of recycling vesicles. To estimate RRP cumulative amplitude, vesicle resupply rate was factored out by extrapolating regression lines, calculated from values Ն200 ms (last 10 basket cell action potentials of a train), back to time 0. Average RRP cumulative amplitude in epileptic rats (n ϭ 41 pairs, 21 basket cells, 18 rats) was 84% of control values (26 pairs, 15 basket cells, 15 rats), but the difference was not statistically significant (Fig. 7D) . Average slopes of regression lines were similar in control and epileptic rats. These findings suggest a trend toward reduced RRP cumulative amplitude in epileptic rats but similar vesicle recycling rates at basket cell-togranule cell synapses.
Number of vesicles in RRPs can be estimated by dividing RRP cumulative amplitude by quantal size. In a subset of uIPSC recordings, quantal size at basket cell-to-granule cell synapses was measured under conditions of very low release probability (0.5 mM Ca 2ϩ /3.5 mM Mg 2ϩ ) (Fig.  7C) . Average amplitude of putative quantal IPSCs (failures excluded) in epileptic rats (n ϭ 24 pairs, 12 basket cells, 9 rats) was significantly increased to 1.4 times control values (n ϭ 10 pairs, 5 basket cells, 5 rats) (Fig. 7E) . Numbers of vesicles in RRP were estimated, and epileptic values were significantly reduced to 67% of control levels.
Discussion
The principal findings of this study are that dentate basket cells receive less excitatory synaptic input, readily releasable pool size of basket cell synapses is reduced, and transmission at basket cell-to-granule cell synapses is more likely to fail in a rat model of temporal lobe epilepsy. These findings reveal dysfunction of the dentate basket cell circuit, which could contribute to hyperexcitability and seizures.
Basket cells receive less excitatory input in epileptic animals
In epileptic rats, frequencies of spontaneous and miniature EPSCs in dentate basket cells were only half control values. It is unclear whether excitatory input to other dentate interneurons also is reduced. Basket cell dendritic length does not decrease following status epilepticus, so target area for excitatory synaptic input is maintained. However, status epilepticus kills glutamatergic neurons, including granule cells (Obenaus et al., 1993) , layer II entorhinal cortical neurons (Kumar and Buckmaster, 2006) , and CA3 pyramidal cells (Nadler et al., 1978) , all of which synapse with basket cells (Kneisler and Dingledine, 1995a,b; Geiger et al., 1997) . Mossy cells also are vulnerable (Buckmaster and JongenRêlo, 1999 ) and might synapse with basket cells (Buckmaster et al., 1996) . Thus, loss of excitatory afferents is a possible mechanism for reduced excitatory input to basket cells.
It has been proposed that after status epilepticus, basket cells lose excitatory synaptic input especially from vulnerable mossy cells (Sloviter, 1994) and that subsequently excitatory drive to basket cells is restored by sprouted granule cell axons (Sloviter et al., 2003) . If so, one might expect mEPSC frequency in basket cells to decrease initially but then increase later. Although mEPSC frequency was reduced in rats 3-7 d after status epilepticus, it did not recover in epileptic rats but instead remained low. Recordings were obtained from epileptic animals an average of 36 d and up to 111 d after status epilepticus, sufficient time for mossy fiber sprouting to develop. Densities of apposed synaptophysinpositive punctae were similar in control and epileptic rats. Synaptophysin is a presynaptic marker of both GABAergic and glutamatergic synapses (Jahn et al., 1985; Wiedenmann and Franke, 1985) , but in hippocampus Ͻ8% of synaptophysin immunoreactivity coincides with GABA markers (Hiscock et al., 2000) . These findings suggest if basket cells lose excitatory input after status epilepticus it might be restored to control levels in epileptic rats.
Another possible mechanism for reduced excitatory input is reduced probability of release at glutamatergic synapses with basket cells. Excitatory synaptic inputs from granule cells and CA3 pyramidal cells to interneurons at the hilar/granule cell layer border, including basket cells, display enhanced short-term depression in the week after pilocarpineinduced status epilepticus, suggesting functional disconnection of basket cells from their afferents (Doherty and Dingledine, 2001) . Results of the present study are consistent with that conclusion.
Impaired transmission at basket cell-togranule cell synapses Inhibitory synaptic input to dentate granule cells is reduced in patients with temporal lobe epilepsy (Williamson et al., 1995 (Williamson et al., , 1999 . And in rat models of temporal lobe epilepsy, frequencies of mIPSCs in granule cells are only 35-70% of control values (Kobayashi and Buckmaster, 2003; Shao and Dudek, 2005; Sun et al., 2007) (but see Leroy et al., 2004) . Loss of inhibitory interneurons might contribute to reduced mIPSC frequencies, but most GABAergic interneurons survive in dentate gyrus of patients (Babb et al., 1989) and models of temporal lobe epilepsy (Buckmaster and Jongen-Rêlo, 1999) . Another mechanism that could contribute to less frequent mIPSCs in granule cells is reduced probability of GABA release. In support, uIPSCs at basket cell-to-granule cell synapses were 2.3 times more likely to fail in epileptic rats compared with controls. It is unclear whether synaptic efficacy to granule cells from other dentate interneurons is reduced. Some CA1 basket cells are cholecystokinin (CCK)-immunoreactive and express cannabinoid receptors on their axon terminals (Katona et al., 1999; Tsou et al., 1999) . At those synapses, GABAergic transmission is modulated by cannabinoid receptor activation (Glickfeld and Scanziani, 2006) , and cannabinoid-dependent presynaptic inhibition of GABA release increases long-term after febrile seizures (Chen et al., 2003) . In dentate gyrus, however, CCKimmunoreactive interneurons are HICAP cells not basket cells (Hefft and Jonas, 2005) . In the present study, HICAP cells were excluded from analysis on the basis of axon projections, so cannabinoid receptor activation is unlikely to account for failure of dentate basket cell-to-granule cell synapses in epileptic tissue. Unitary IPSC failure does not appear to involve activation of presynaptic muscarinic acetylcholine or GABA B receptors, the most likely candidates (Hefft et al., 2002 ), but we cannot exclude the possibility that other receptor systems may contribute.
Another potential mechanism of increased uIPSC failure is fewer vesicles in RRPs at basket cell-to-granule cell synapses. We estimate an average of 6.4 vesicles/RRP in control rats, which is similar to numbers of functional release sites at basket cell-togranule cell synapses (Kraushaar and Jonas, 2000) and synaptic contacts formed by hippocampal basket cells with individual principal neurons (Buhl et al., 1994; Miles et al., 1996) . Together, these findings suggest basket cells normally may release one vesicle per release site, unlike mossy fiber-associated interneurons (Biró et al., 2006) . Epileptic rats had only 4.3 vesicles/RRP at basket cell-to-granule cell synapses. Smaller RRPs could contrib- ute to increased failure rate of uIPSCs. It is unclear whether RRPs are smaller because of fewer synaptic contacts, reduced probability of release at individual contacts, or both. There were no obvious deficits in axon projections of basket cells. Probability of finding uIPSCs in granule cells postsynaptic to a basket cell was similar in control and epileptic rats, and granule cells from patients with temporal lobe epilepsy receive abundant structural synapses from perisomatic parvalbumin-positive axon terminals (Wittner et al., 2001) .
Previous studies revealed plasticity in RRP size at hippocampal GABAergic synapses. Estrogen reduces inhibition of CA1 pyramidal cells and shifts synaptic vesicles away from release sites at GABAergic synapses with pyramidal cell somata (Ledoux and Woolley, 2005) . Brain-derived neurotrophic factor increases release probability and RRP size at GABAergic synapses in hippocampal cell cultures (Baldelli et al., 2005) . In models of temporal lobe epilepsy, mIPSCs are less frequent in CA1 pyramidal cells, and densities of synaptic vesicles are reduced in GABAergic synapses with pyramidal cell bodies, but that was attributed to reserve pools, not RRPs (Hirsch et al., 1999) . Visual deprivation causes neocortical fast-spiking GABAergic interneurons to reduce amplitudes of uIPSCs they generate in star pyramidal neurons, possibly by reducing release probability (Maffei et al., 2004) . By analogy, when dentate basket cells receive less excitatory synaptic input in epileptic animals, they may reduce release probability by some homeostatic mechanism gone awry.
However, some aspects of basket cellto-granule cell synaptic transmission appear normal or enhanced. During highfrequency trains of action potentials, vesicle resupply rates were similar in control and epileptic rats. These findings suggest once recruited basket cells can sustain inhibition of granule cells during periods of high activity. Furthermore, in epileptic rats, quantal size at basket cell-to-granule cell synapses was 1.4 times control levels. Similarly, amplitudes of mIPSCs, which likely arise from multiple types of interneurons, are 1.3-1.5 times control values in granule cells of rat models of temporal lobe epilepsy (Cohen et al., 2003; Kobayashi and Buckmaster, 2003; Leroy et al., 2004) (but see Shao and Dudek, 2005) . In kindled rats, granule cells have larger amplitude mIPSCs and more GABA A receptors per somatic synapse (Nusser et al., 1998) . However, although quantal size increases at GABAergic synapses, uIPSCs fail more often, RRP size decreases, and uIPSC amplitude tends to decrease at basket cellto-granule cell synapses. Therefore, despite some preserved and enhanced aspects, synaptic transmission at basket cell-to-granule cell synapses is impaired in epileptic animals.
Functional implications
Reduced excitatory input might delay basket cell recruitment and reduce feed-forward and feed-back inhibition of granule cells. However, alone, reduced excitatory input to basket cells appears insufficient to cause epilepsy, because spontaneous seizures were not observed in mice with reduced AMPA-mediated excitatory synaptic input to parvalbumin-positive basket cells (Fuchs et al., 2007) . In epileptic animals, however, additional aspects of basket cell circuitry are dysfunctional. Normally, putative (Buzsàki and Eidelberg, 1981) and morphologically identified dentate basket cells (Buckmaster et al., 2002) are easily and quickly recruited by mild afferent activation in vivo. Similarly, fast-spiking basket cells in CA1 respond immediately to mild stimulation (Glickfeld and Scanziani, 2006) and inhibit pyramidal cells most effectively at stimulus train onsets (Pouille and Scanziani, 2004) . These findings and results of the present study suggest in epileptic animals granule cells would be less inhibited during mild activation and early phases of sustained input to dentate gyrus, because of smaller RRP size and increased uIPSC failure rate at basket cellto-granule cell synapses. A speculative hypothesis is that reduced inhibitory control at these times might allow activity of subsets of granule cells to progressively build and recruit other granule cells, eventually developing into electrographic seizures (Bower and Buckmaster, 2008) .
